Abstract. The coincidence experiment E01-011 (HKS), conducted in Hall C at Jefferson Laboratory in fall 2005, represents a new generation of high resolution Λ hypernuclei spectroscopy experiments. It exploits the benefits of the associated electroproduction mechanism via the (e,e K + ) reaction. Compared with the widely studied meson-induced reactions, the higher quality quasi-continuous electron beam produces the potential for high resolution energy spectra. Further, it provides information complementary to meson-induced reactions: light neutron-rich and mirror hypernuclei, enhanced population of states accessible by spin-flip channels. The newly introduced tilt method of the electron spectrometer (ENGE) greatly reduced the rate of the background electrons due to Bremsstrahlung and Møller scattering. A brand new high resolution kaon spectrometer (HKS) together with a sophisticated detector package yielded excellent PID and momentum resolution. This resulted in quality missing mass spectra with energy resolution of approximately 400-500 keV (FWHM), an unprecedented value in hypernuclear reaction spectroscopy. The experiment measured the spectra of exotic neutron rich and mirror Λ hypernuclei 7 Λ He, 12 Λ B, 28 Λ Al with high statistics.
INTRODUCTION
Nowadays, we have a confident knowledge and understanding of Nucleon-Nucleon (NN) interactions, which over the last several decades have been supported with plenty of experimental data. Modern Baryon-Baryon interaction models have to include the Hyperon-Nucleon (YN) and Hyperon-Hyperon (YY) interactions. In contrast to NN interactions, data on YN and YY interactions are sparse and difficult to obtain. Hypernuclear spectroscopy has emerged as one of the set tools to study YN interactions. The process of producing hypernuclei involves exchanging one of a nucleon's quarks with an s-quark. The hyperon inside of the nucleus brings the new degree of freedom -strangeness and serves as a probe of the internal structure. It might manifest new nuclear structure and properties that cannot be seen in an ordinary nucleus. The precise measurement of hypernuclear energy levels provides valuable information about the nature of the ΛN interactions. The research in the field of Hypernuclear Physics might provide valuable input in the flavor SU(3) symmetry; bring a better understanding of the charge symmetry breaking (CSB) mechanism; help to investigate the three body forces (3BF); explain the presence of free strange particles in neutron stars; and the most important, build a unified theory of Baryon-Baryon interactions [1] . Currently the research gravitates toward finding the appropriate ΛN interaction potentials that could explain the structural distribution of the states inside of the hypernuclei. The internal excited states are important for shell model calculations. The confident knowledge of spin-orbit splitting is the key to understanding the spin dependent part of ΛN potential. It was found that the intrinsic width of the states is very narrow, ∼ 100 keV. To succeed in such study, the high resolution spectroscopy is highly desirable. The best energy resolution, until year 2000, in reaction spectroscopy on mesonic K − and π + beams was reported to be 1.45 ÷ 2.0 MeV (FWHM) [2, 3] .
The high quality and high intensity electron beam available at Jefferson Lab's Continuous Electron Beam Accelerator Facility (CEBAF) permitted to produce the first hypernuclear spectra via the (e,e K + ) reaction. The pioneering experiment E89-009 (HNSS), completed in 2000 at Jefferson Lab, proved the feasibility of using associated Λ hypernuclei production technique, and obtained high resolution spectroscopy of 12 Λ B with the best energy resolution, ≈ 700 keV (FWHM), available at that time in reaction spectroscopy [4] . Later, in 2004, the resolution of 12 B has been improved up to 670 keV by another experiment, E94-107, carried out in Hall A at Jefferson Lab [5] . We report here on 
EXPERIMENTAL TECHNIQUE
The high momentum virtual photon γ * released in the (e,e K + ) reaction allows Λ hypernuclei production via the associated strangeness production mechanism. Due to high momentum transfered by the virtual photon, both natural and unnatural parity (spin-flip) states are produced with comparable strength. The relatively small cross-section of the (e,e K + ) reaction, ∼ 10 nb/sr, is to some extent compensated by the intensity of the GeV electron beam at CEBAF.
The schematics of the E01-011 (HKS) experimental setup is presented in Figure 1 . The experiment employed a high intensity, quasi-continuous 1.851 GeV electron beam with a relative energy spread ∆E/E ≤ 3·10 −5 . The beam is incident on various nuclear targets with thickness ranging from 50 to 460 mg/cm 2 . The recoiling electrons are detected at 0.35 GeV/c, corresponding to a virtual photon momentum of 1.5 GeV/c. The experiment studies reaction channels in which the virtual photon interacts with a target proton leading to a Λ hyperon bound to the Z-1 host nucleus. The associated electroproduced K + serves as an identifier for the Λ production channel and is detected at 1.2 GeV/c FIGURE 2. Tilt of the electron spectrometer to avoid background events. momentum. Therefore, E01-011 is a coincidence type of experiment that searches for a K + and e pair emitted from the target at the same time. Since the reaction products are produced at forward angles, the experimental setup includes a splitter magnet installed right behind the target. Further, two horizontally bending spectrometers are installed for the detection of electrons (ENGE) and hadrons (HKS), respectively. To minimize background events associated with Bremsstrahlung and Møller scattering, the ENGE spectrometer has been tilted vertically by 7.75 • . We refer to this as tilt method. Such configuration allowed avoiding zero degree flux of Bremsstrahlung electrons and staying away from the Møller electrons distribution, Figure 2 . Both ENGE and HKS are high resolution spectrometers with corresponding momentum resolutions ∆p/p = 4·10 −4 and ∆p/p = 2·10 −4 . The recoiled electrons are tracked by a honeycomb drift chamber and a hodoscope layer installed near the focal plane behind the ENGE spectrometer. On the HKS side, the position of the positive particles, protons, kaons and pions, is measured by two drift chambers while the timing is obtained by a system of three hodoscope layers. The particle identification (PID) is performed with the help of three Aerogel Cherenkov (AC) and two Water Cherenkov (WC) threshold detectors. The AC counters utilize a silica aerogel radiator (Matsushita SP-50) with a low refractive index, n = 1.05, to perform pion rejection. The WC detectors use pure water with Amino-G-salt acid wavelength shifter to further distinguish kaons from protons. The PID analysis in the hadron arm allows reducing the data to contain only the particles of interest -K + . Further, for scattered electrons and K + in a narrow coincidence timing window of 2 ns, the missing mass of the residual nuclear system is calculated (see Figure 3) . This sample still contains accidental coincidences as well as a misidentified pions and protons. This is accounted for by sampling a coincidence time interval that only contains accidental events.
There were ten targets employed in the experiment (see Table 1 ). Due to the tilt method the ENGE single rate was reduced by almost a factor of 100 in comparison to the zero degree tagging HNSS experiment. That made possible to utilize higher beam currents, which greatly increased the kaon yield. Typical single arm rates were 1.0 ÷ 1.2 MHz for electrons and 10 ÷ 18 kHz for K + with the Cherenkov detectors in the trigger, resulting in coincidence trigger rate of 0.5 ÷ 1.0 kHz.
RESULTS
The preliminary spectra of the binding energy for neutron rich 7 Λ He and 12 Λ B, 28 Λ Al hypernuclei are shown in Figure 3 . In 12 Λ B spectrum one can clearly see two high statistics peaks corresponding to a host nucleus in ground state and a Λ occupying the s and p shells. There is also an indication of two core-excited states, denoted as #1 and #2, which correspond to a Λ in the s shell and the nuclear core in excited states. The resolution of the peaks is in the range of 430 ÷ 470 keV, which to date is the best energy resolution in reaction spectroscopy. The spectroscopy is well consistent with the theoretical predictions, shown on the right side of each plot [6, 7, 8] . Almost each peak was predicted to be a spin doublet state, however with energy splitting in the order of 100 keV. Therefore, with the present setup, we did not expect to be able to resolve these. The 28 Λ Al spectrum shows ground nuclear state with Λ in s, p and d shells. This is a high statistics spectrum with an excellent resolution. The Λ d shell structure was measured with resolution in sub MeV range for the first time. Some suggestion of core-excited states is present; however, it is not explained by theoretical calculations yet. The high resolution spectrum of neutron rich 7 Λ He hypernucleus is obtained for the first time. It confirms the theoretically predicted s (1/2 + ) state [8] . The results of the preliminary analysis of the spectra are summarized in Table 2 . Presently an extensive analysis is conducted within the collaboration to finalize the binding energy values and the results will be reported in upcoming publications.
SUMMARY
The E01-011 experiment conducted at Jefferson Lab employed a 1.8 GeV, high intensity quasi-continuous electron beam to produce high resolution spectroscopy of exotic neutron rich Λ hypernuclei via the associated K electroproduction mechanism, A Z(e,e K + ) A Λ (Z-1). The experiment utilized 6, 7 Li, 9 Be, 10 B, 28 Si targets for hypernuclear analysis and 51 V, 89 Y, 208 Pb targets for rate studies. High resolution 7 He, 12 B, 28 Al hypernuclear spectra well agreed with the theoretical predictions. The spectra for 7 Λ He, 28 Λ Al were obtained for the first time. As it was expected the experiment allowed achieving the best energy resolution, 400 ÷ 500 keV, presently available in reaction spectroscopy.
Recently, the new, third generation experiment E05-115 has been performed at Jefferson Lab. The ENGE spectrometer has been exchanged with the new high resolution electron spectrometer (HES) and new detectors were added to the HKS side to increase the PID power. The experiment increased the energy of the incident beam, which required FIGURE 3. Preliminary experimental spectra of 7 Λ He, 12 Λ B, 28 Λ Al and their theoretical predictions [6, 7] . the usage of the new splitter magnet to compensate for kinematics changes. The goal of the experiment was to further increase production yields and to measure heavier hypernuclear systems. The analysis of E05-115 experiment is currently underway.
